A facile approach for the fabrication of large-scale interdigitated nanogap electrodes (nanogap IDEs) with a controllable gap was demonstrated with conventional micro-fabrication technology to develop chemocapacitors for gas sensing applications. In this work, interdigitated nanogap electrodes (nanogap IDEs) with gaps from 50-250 nm have been designed and processed at full wafer-scale. These nanogap IDEs were then coated with poly(4-vinyl phenol) as a sensitive layer to form gas sensors for acetone detection at low concentrations. These acetone sensors showed excellent sensing performance with a dynamic range from 1000 ppm to 10 ppm of acetone at room temperature and the observed results are compared with conventional interdigitated microelectrodes according to our previous work.
Introduction
Nanogap devices have attracted numerous fundamental and application oriented studies because of their great potential in solving challenging problems at the molecular and nano scale.
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They have been widely employed not only for molecular electronics, 2 and optical plasmonics, 3 but also in tunneling based sensors, biosensors and chemical sensors. 4, 5 Their drawback preventing applications still remains a reproducible and costeffective fabricating process yielding stable electrical contacts. Different methods have been applied to address this issue including improved fabrication processes [6] [7] [8] [9] and/or modifying the nano-electrode structures. [10] [11] [12] Nanogap devices are promising to become a new generation of devices that operate fast with a high sensitivity, consume less power, and can be applied in portable devices.
Taking into account the rapid progress of gas sensing applications, detection at low concentration is one of the greatest possibilities in using nanogap devices. [13] [14] [15] [16] [17] [18] [19] Up to now, there are not many studies on the detection of volatile organic compounds (VOCs) with nanogap devices. To investigate gassensing properties of nanogap devices towards VOCs for air quality control is an appealing challenge. For example, acetone, one of the most common VOCs, is widely used in the industry and laboratory for synthesis, solvent, cleaning agent, etc. It is a nontoxic agent at a low concentration, but acetone can cause harm and danger to human health when it exceeds specic threshold values, and can also affect environmental safety. A high concentration of acetone can cause to the human body several syndromes: fatigue, headache and nausea when being inhaled, 20 irritated eyes and skin or throat damage when being exposed when its concentration are above 10 000 ppm. 21, 22 Not only being widely used for in-house air quality control but acetone sensors have been further exploited for medical diagnosis as well. A number of recent investigations prove that acetone, as one of the biomarkers in human breath, represents for diabetes diagnosis because a relatively high concentration can be an indication of diabetes. [23] [24] [25] Therefore, it is essential and signicant to effectively detect acetone gas in different ranges of concentration.
Inspired by these promising goals in the eld of sensing devices, we focused on the exploration of gas sensing properties of nanogap IDEs. There has been signicant progress in realizing structures for nanogap devices, however, the manufacturing methods can be signicantly simplied using a proper combination of conventional micro-fabrication techniques. We present here for the rst time a new generation of nanogap IDEs featuring a comb structure for the detection of acetone. As a VOC sensitive material of choice, poly(4-vinylphenol) (PVPH) was used as an active material and amino-terminated silicon nanoparticles (Si-NH 2 NPs) as additional sensing elements to adsorb acetone vapor with a high affinity according to previous work. [26] [27] [28] The capacitive behavior of nanogap IDEs devices as a chemo-capacitor was simulated using COMSOL Multiphysics 5.2. Furthermore, we report our preliminary studies of acetone adsorption on nanogap IDEs at room temperature. As expected, the device exhibits excellent sensing performance to acetone vapor at low concentration. The detection of acetone vapor of this device ranges from 1000 down to 10 ppm. Based on characteristics of the active layer PVPH combined with the corresponding structure of nanogap IDEs and the addition of nanoparticles (NPs), the devices' performance was also further examined under different humidity conditions.
Experimental

Chemicals
Poly(4-vinylphenol) (PVPH) M w $ 11 000, and absolute ethanol (98%) were purchased from Sigma Aldrich. All reagents were used as received.
Fabrication of interdigitated nanogap electrodes as a chemocapacitor
An overview and a cross section of the nanogap IDE are shown in Fig. 1 . The nanogap IDE has a patterned area of 1 mm Â 1 mm, consisting of 250 top nger electrodes and 250 bottom nger electrodes. Each nger electrode has a width and length of 2 mm and 1000 mm, respectively. A distance (the gap) from top to bottom electrodes is determined by an etching depth of a sacricial SiO 2 layer, and a thickness of the bottom electrode. The process steps of the nanogap IDEs are shown in Fig. 2 , and are as follows: a 4-inch {100}-Si is coated with 1000 nm of wetthermal silicon dioxide (SiO 2 ), followed by microlithography, a metal deposition and a metal li-off to form the top nger electrode array. The top electrodes are layers of ca. 30 nm palladium (Pd) and 5 nm adhesive chromium (Cr).
Aerwards, the SiO 2 is partially and isotropically etched using buffered hydrouoric acid (BHF; 1 : 7) to create a nanocavity at the edges of the top electrodes. Next a thin-lm evaporation under an angle is carried out to deposit ca. 30 nm of gold (Au) layer on to the substrate and into the nanocavity to create the second electrodes of the nanogap IDEs. Also, 5 nm of Cr is used as the adhesive layer for this Au deposition step. In our work, all the metal depositions are carried out using an Ebeam evaporator technique with a typical metal evaporation rate of ca. 1 A s À1 .
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Fig . 3 shows SEM images of the fabricated nanogap IDEs. It can be seen that the top and bottom electrodes are separated with a gap of ca. 250 nm, and an overlap of the top and bottom electrodes form a capacitor. Note that to form the nanogap IDEs capacitor no nanolithography is required and only conventional micro-fabrication is applied.
Polymer coating of nanogap IDEs
PVPH was dissolved in ethanol by sonication for several minutes until a clear polymer solution was obtained. Nanogap IDEs as nanogap capacitors were coated with polymer by dipping them slowly into the polymer solution, with the electrodes in a vertical position, until the liquid reached the bottom of the electrodes. The chip was held in this position until the gaps between the electrodes were lled with polymer solution by capillary action.
This took less than a minute and lling of the gaps could be observed by a changing reection of light. When the gaps had been completely lled, the chip was submerged in the polymer solution completely, aer which the chip was spin coated at 3000 rpm for 2 minutes to form a thin layer. Finally, the sample was annealed at 60 C overnight. Moreover, in order to further investigate the effects of sensing materials towards sensitivity of nanogap IDEs, in these experiments, we used same type of Si-NH 2 NPs as prepared in our previous work published elsewhere 28 with concentration of 1 wt% in a solution of PVPH 10 wt% in ethanol to create a polymer solution with nanoparticles (NPs).
Acetone gas sensing setup
An experimental Signal Measurement System (SMS) was used to characterize the behavior of the nanogap IDE in a clean air atmosphere. The SMS is shown in Fig. 4 . The humidity, measured with a calibrated AHT-200-01 sensor (Ohmic Industries), in the volume controlled chamber (8.3 liter) is PC regulated with high speed inlet and exhaust valves running through, or by passing, a bubbler. The selected humidity sensor is a thermal conductivity type. This sensor is capable of measuring in an environment with volatile chemicals such as ketones. A downside of this sensor type is that it does require a temperature compensation of the output data and this task is programmed and operated by the PC controller. The temperature in the chamber is regulated with a Peltier element, a heat sink and a fan both inside and outside the SMS. Overpressure is regulated with an exhaust valve monitored and recorded with a pressure transducer. When the internal pressure exceeds ambient levels the exhaust valve will open until the pressure relaxes to ambient level.
A bubbler with a diluted acetone concentration also controlled by a high-speed valve was used to insert acetone. The concentration in the system was measured using a calibrated PID-AH sensor (alpha sense), capable of sensing a range from 0.1 ppm to 6000 ppm of acetone. The output of this reference sensor was fed into a calibrated DMM operating under PC control. The data of this reference sensor was used in a soware feedback loop of the SMS. The nanogap IDEs capacitor value was measured at roughly 2 MHz depending on the nanogap IDEs capacitance, using the Texas Instruments FCD2212. This semiconductor was placed on an experimental measurement PCB clip, directly next to the pogo pins that connect to the nanogap IDEs under test. The FDC2212 offers a 300 aF resolution with 168 dB dynamic range and, was interfaced to the control PC with a Micro Controller Unit (MCU) and programmed to deliver new readout values on command. The control PC executes a script le, used for setting the wanted, temperature, humidity and acetone concentration, values in the SMS. Every line in the script le triggers a read command of all reference sensors and experimental nanogap IDEs capacitor value and both wanted and current values are stored in an Excel le structure for further analysis. With the script le, measurements can be designed and repeated as chosen, using the same timing and variable settings in the SMS.
Finite element analysis of nanogap IDEs as a capacitor
The presence of analytes in the sensing layer induces a change in the dielectric constant. This change is measured as a change in the capacitance value of the nanogap IDE. The greater the change in capacitance relative to the total capacitance of the system, the more sensitive the sensor is. Modelling can give insight into factors maximizing signal and minimizing parasitic capacitance. 30 Analytical prediction of capacitance is oen complex, because electric elds extend into substrates and different media. [31] [32] [33] Also, analytical models are usually only correct for specic geometries not relevant in this case.
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Therefore, we used nite element analysis using COMSOL Multiphysics 5.2 (COMSOL Inc., Burlington MA, USA) to show the effect of two electrode designs: a rectangular electrode array with a micro-gap as used in previous experiments, 28 and the rectangular electrode array with a nanogap introduced in this paper. In both designs a polymer coating of 800 nm was applied. Parametric sweeps of geometrical and material parameters were performed. As the complete chip geometry requires considerable computing power to model, these simplied models were studied to gain approximations of the expected electric eld and capacitance.
From theory, it has been known that electric elds are highest near regions of conductors with small radius of curvature as a consequence of the high local charge density.
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Closer to these regions, more charge can be stored as the dielectric is more strongly polarized.
37 Therefore, it can be concluded that protruding parts of the geometry, like electrode edges, contribute most to the capacitance of the system. Furthermore, many simplied nanogap IDE models predict that the so called fringe capacitance is more signicant when the electrodes are placed more closely together. 32, 38 This implies that the sensing layer may be made be thicker to include interactions with the electric eld and uctuations of the capacitance further away from the electrodes. 25 However, this perception is only valid for electrodes for which the separation is much larger than the electrode thickness, which does not hold for the design discussed in this work. For our design, the eld in between the upper and lower electrode surfaces dominates the eld outside as shown in Fig. 5 . Therefore, the thickness of the polymer layer on top of the electrodes is not expected to inuence the response of the sensor signicantly. From COMSOL simulations, it became apparent that the electric eld in a nanogap capacitor is much stronger than that of a typical IDE in comparable circumstances (voltage, polymer thickness, substrate thickness).
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The maximum electric eld strength of a nanogap IDEs was calculated to be 4.47 times higher. Furthermore, the eld does not extend quite as far into the substrate in case of nanogap IDEs. This implies that the sensing layer can be thinner and therefore more responsive to changes in the environment. For the geometries discussed here, an arbitrary change in dielectric constant of the polymer yields a relative change in simulated capacitance that is 3.14 times lower for the micro-IDE, see Fig. 6 . Compared to a planar IDE having electrodes with similar dimensions (250 nm spacing, 2 mm width), the eld of a nanogap IDEs is 3.68 times higher and the simulated sensitivity is 1.64 times better.
Results and discussion
Signal processing
In our set-up, four variables are measured by separate sensors: the capacitance of the chip, humidity, temperature and the acetone concentration in the measurement chamber. Fig. 7A shows some typical values during an acetone sensing experiment. The temperature of the system is kept constant within 0.05 C and the humidity within 0.4% RH. The humidity inside the measurement chamber decreases when acetone is introduced, due to the hygroscopic nature of this vapor, which leads to additional adjustment of the humidity level. Furthermore, there is a strong correlation between the measured capacitance of the nanogap IDEs and the humidity of the system: peaks in the humidity signal coincide with peaks in the capacitance signal. Thus, the nanogap IDEs responds to water. Measurements showed that there is in fact a linear relationship between humidity and measured capacitance at low concentrations (ESI. Fig. S1 †), so that it is possible to correct for variations in humidity by subtracting the humidity signal from our detected capacitance (Fig. 7B) . Aer application of a 10 point moving average lter, the capacitance signal follows the acetone concentration in the measurement concentration very well.
Sensitivity
In previous work, we presented an acetone sensor that consists of micro-gap IDEs coated with PVPH. 28 With the same mechanism of acetone detection explained in our previous work, Fig. 8A shows the improvement in acetone sensitivity achieved by the new nanogap design. In this gure both chips were coated with a 2 mm thick PVPH layer. The acetone sensitivity increased from 0.028 fF ppm À1 for the micro-gap chip to 0.97 fF ppm À1 for the nanogap IDEs, a 35-fold increase. Fig. 8B shows that the sensitivity could be increased further by enlarging the size of the nanogap IDEs. Here, the increase in sensitivity scales linearly with the surface area on which the chip was prepared. Furthermore, it has been shown that the addition of Si-NH 2 NPs to PVPH layer improves the sensitivity of the nanogap IDEs massively. 
Detection limit
To determine the detection limit of the nanogap IDEs, we applied a step-function with different levels of acetone concentration (Fig. 9A) . For high concentrations that are depicted in this graph, the measured signal follows the reference signal very well. However, to determine the detection limit of the nanogap IDEs, we need to measure at much lower acetone concentrations. Unfortunately, our set-up did not allow us to go below 100 ppm. Thus, to obtain information about the nanogap The field line density is indicative of the electric field strength. Fig. 6 Simulated sensitivity of a typical micro IDE and a nanogap capacitor with a planar geometry. An arbitrary change in permittivity of the polymer yields a much larger relative change in capacitance in a two dimensional geometry.
IDE's response towards smaller concentrations, we analyzed the small uctuations in acetone concentration that appear at each step as a result of the system keeping the concentration at a certain level. Fig. 9B shows the response of a typical nanogap IDE to a 100 ppm steps. The measured signal follows even small steps very well (about 30 ppm in this case) and stays within 20 ppm from the reference signal. For comparison, Fig. 9C shows the response of a micro-gap IDEs towards similar step heights. It is clear that the response does not follow the small step responses detected by the reference sensor, while it stays within 50 ppm from the reference signal. So, even though the much higher responses towards acetone of the nanogap IDEs was accompanied by a higher level of noise, the nanogap IDEs did respond better to smaller levels in acetone concentration. The smallest changes of signal that were detected this way were 6 ppm peaks, obtained by a 3 mm 2 nanogap IDEs coated with a 1 mm PVPH layer containing NPs (see Fig. 9D ).
Sensor properties: stability, response, recovery and durability
Aer fabrication the coated nanogap IDEs are stored in ambient air. Consequently, they are exposed to water vapor. When acetone response is measured, the samples are in an environment of 15% RH, much lower than ambient air. Fig. 10A shows that the decay time of the capacitance signal due to adaptation to the humidity level is approximately 5 to 6 hours. This time is needed to remove all water from the polymer layer. While it takes a long time to remove all water from the polymer layer (due to hydrogen bonds within the polymer chains), the chip responds fast to small humidity changes that are caused by the system adjusting its humidity level (Fig. 10B) . In fact, the chip responds even faster than our reference humidity sensor. The response time towards acetone was determined by looking in detail to 100 ppm and 200 ppm acetone steps (as presented in Fig. 9 ). For a nanogap IDEs capacitor coated with PVPH without In black the response of the nanogap IDEs to subsequently a 100 ppm and 1000 ppm acetone peak, in red the fitted exponential with a decay time of 5 hours (A). Overlay of signals from the reference humidity sensor (in black) and a nanogap IDEs (in red) while no acetone is present (B). Here, the nanogap IDEs respond faster to small humidity peaks. nano-particles, the response of the nanogap IDEs occurs at the same time as that of the reference sensor. The response time is about 1 minute in this case, as can be seen in Fig. 11B . When nanoparticles are present in the PVPH layer, we nd a different behavior. Meanwhile, Fig. 11A shows that the response of the sensor has a delay of about 20 seconds with respect to the reference sensor. This is clearest when looking at the small peaks between 04:32 and 04:34. The response time to 100 ppm acetone is about 4 minutes. Here the nanogap-IDE coated with PVPH containing nanoparticles responded with a delay and a longer response time than nanogap IDEs coated with PVPH only. As mentioned before, the nanogap IDEs containing nanoparticles are also more sensitive towards acetone and the lowest detection limit was reached using this type of coating. At present it is not clear how the nanoparticles improve the sensitivity of the IDE, and why the improved sensitivity goes together with a delay in response towards acetone, and a longer response time than when no nanoparticles are used. The decaying baseline, visible in Fig. 10A , can be subtracted from these data, to prove that the response is equally high for every peak. Fig. 12 shows the results for repeated 100 ppm acetone peaks. We nd a response of 1.2 pF for every 100 ppm peak.
Conclusions
In summary, we have designed micro and nano IDE capacitor structures featuring up to a 35 times improved sensitivity compared to microgap IDEs based on our previous work. Sensitivity could be further enhanced by increasing the area on which the nanogap IDEs structure was fabricated. The best performing nanogap IDE, coated with PVPH containing nanoparticles, had a response time of several minutes. This type of nanogap IDE could detect changes of response signal down to 6 ppm. The sensor could be used multiple times, as proven by long term repeatability studies. Since the desired material is homogenously coated in between the nanogaps, a robust electric eld connection between these nanogaps can be assured to easily detect a very small amount of analyte. Our approach can also create addressable high-density nanogap electrodes in large scale by conventional micro-fabrication process. By simply changing the active layers into specic advanced materials such as non-conductive polymers or nano-composite, a new generation of nanogap devices is promising to detect a large range of analytes.
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